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Abstract: Protruding nanostructured surfaces have gained increasing interest due to their unique
wetting behaviours and more recently their antimicrobial and osteogenic properties. Rapid
development in nanofabrication techniques that offer high throughput and versatility on titanium
substrate open up the possibility for better orthopaedic and dental implants that deter bacterial
colonisation while promoting osteointegration. In this review we present a brief overview of
current problems associated with bacterial infection of titanium implants and of efforts to fabricate
titanium implants that have both bactericidal and osteogenic properties. All of the proposed
mechano-bactericidal mechanisms of protruding nanostructured surfaces are then considered so as to
explore the potential advantages and disadvantages of adopting such novel technologies for use in
future implant applications. Different nanofabrication methods that can be utilised to fabricate such
nanostructured surfaces on titanium substrate are briefly discussed.
Keywords: nanostructured surfaces; antimicrobial; bactericidal; osteogenic; medical implants
1. Introduction
Medical implants are devices that are placed inside or on the surface of the body to replace or
restore the function of damaged or degenerated tissues or organs. Each year, millions of patients
benefit from medical implants that help to improve their quality of life by prolonging the functionality
of important organs beyond their original lifespan. Other types of implants may also be utilised
for delivering medication, monitoring patient bodily functions or providing support to organs and
tissues [1].
The demand for medical implants is expected to increase due to an ageing population and
changing lifestyle. Medical implants based on titanium metal and its alloy comprise the largest share
of the market in orthopaedics, dentistry and cardiovascular surgery and are expected to continue
as marker leaders due to their advantages such as good biocompatibility and excellent mechanical
properties [2].
Because of the cost and complexity of the surgical procedure, many orthopaedic implants are
designed to last approximately 20–25 years [3]. Every year, millions of patients undergo successful
prosthetic joint replacement surgery, which restores biological function, relieves pain and improves
or restores mobility [4]. However, complications arising from this surgery that require revision can
account for up to 11% of cases after 15 years [5]. In 2018, revision surgeries for hip and knee implants
were reported to be 10.8% and 6.5%, respectively. The National Joint Registry reported that revision
surgery increases with time. For instance, the need for revision surgery for a hip implant in the first
year is 0.78%. This increases to 1.54% in the third year and can be as high as 4.87% after 15 years.
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Re-revision for implants that fail within the first year are twice as likely compared to those that last for
more than five years.
Implant failures are multifactorial and can include host risk factors (e.g., pre-existing diseases,
smoking and drinking habits, age, metabolic conditions), implantation factors, surgical procedures and
implant properties [6]. Nevertheless, the two most prevalent causes of implant revision surgeries and
failure are reported as infection and aseptic loosening, with the latter often resulting from an infection
impairing osteointegration and so causing aseptic loosening [6].
Titanium dental implants are commonly used to treat missing teeth due to trauma, tooth decay or
periodontal diseases [7,8]. Similar to orthopaedic implants, demand for dental implants has seen a
rapid increase over the last decade [9]. Approximately 130,000 dental implants were inserted in the
UK in 2012 and this figure doubled in 2018 [10]. Dental implants are expected to last over 10 years
with a survival rate of 90–95% [11]. Current dental practices to reduce post-operative complications
include evaluation of systemic or syndromic diseases, immune disorder [12] and accurate examination
of the bone crest for proper implant fitting [13]. However, factors such as the dental implant properties
(i.e., surface roughness, anatomic site and implant fit) and patient oral hygiene (i.e., periodontitis,
bone quality, vascular integrity, soft tissue viability) will influence the risk of implant failure [11].
Biofilm Formation on Medical Implants
Despite many breakthroughs in science and technology, a significant proportion of medical
implants are infected by bacteria. Implant infection is estimated to cause around a fifth of implant
failures, which can occur at any time post-implantation but are most likely during the first year
before substantial osteointegration has occurred. Commonly, there are three ways bacteria can
infect an implant—during surgery, infection from neighbouring tissues or via the haematogenous
route, where the bacteria are transferred to the implant site via the circulatory or lymphatic system.
Orthopaedic implants can also cause bone-tissue conditions such as osteomyelitis and septic arthritis,
which involve inflammatory destruction of joint and bone [14].
Staphylococci such as Staphylococcus aureus and Staphylococcus epidermidis account for most
implant-related infections, being identified from two out of every three cases (Table 1) [14]. This is
because S. aureus is known to have surface proteins with specific affinity for binding human targets
like collagen, fibronectin and bone [4]. Enterococci cause <15% of implant infections, as do aerobic
Gram-negative bacilli like Escherichia coli, Klebsiella pneumoniae and Pseudomonas aeruginosa. Around
1% of implant infections are caused by fungi, with most cases due to Candida albicans. Polymicrobial
infections have been reported to account for approximately 15% of hip and knee implant infections.
After successful adhesion to the surface of the implant, bacteria will form a biofilm in which
the cells proliferate within a protective layer of extracellular polymeric substances (EPS) consisting
of polysaccharides, proteins, lipid and extracellular DNA [15]. Biofilms offer many benefits to the
bacteria such as protection from the host immune response and antibiotics and allowing efficient
communication and direct information exchange [16]. The EPS matrix can also promote a favourable
adhesion environment for the bacteria on abiotic and biotic surfaces that is capable of shielding the
bacteria from stresses such as osmolarity and pH changes, shear forces and UV radiation [17].
Conventionally, prosthetic joint infections are treated using antibiotic therapy and revision surgery.
Antibiotic therapies often vary between patients with regards to types of antibiotics used, duration
of therapy and route of administration and can be influenced by host risk factors and the type of
revision surgery intervention [18]. However, the presence of a biofilm on the medical implant can often
cause additional problems since the EPS matrix can provide a protective barrier that impairs antibiotic
penetration into the biofilm. One approach to prevent biofilm formation on titanium implants involves
applying a chemical surface coating that kills bacteria. This has been achieved using antibiotics,
antimicrobial peptides and metal nanoparticles [6]. The antibacterial properties of silver are widely
reported [19], with bactericidal activity observed against a broad range of bacteria, including S. aureus,
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S. epidermidis, E. coli and P. aeruginosa [20]. The photocatalytic activity of anatase TiO2 has also been
utilized to enhance the bactericidal activity of titanium surfaces [21].
Furthermore, as bacteria proliferate within the biofilm, the concentration of nutrients and oxygen
can start to deplete. To adapt to these conditions, bacteria at the centre of a biofilm can become
dormant or grow at a slower rate. This process is often referred to as adaptive resistance and can
further enhance antibiotic resistance of bacteria within the biofilm [22]. Several studies have shown
that to effectively kill bacteria within biofilms, antibiotics have to be administered at 10–1000 times the
effective concentration needed under planktonic conditions [23].
Table 1. Summary of biofilm-forming microorganisms commonly found on titanium medical implants.
Medical Implant Type Microbes Found References
Orthopaedic Implants
Coagulase-negative staphylococci, haemolytic streptococci,
enterococci, Proteus mirabilis, Bacteroides species, Staphylococcus
aureus, Escherichia coli, Pseudomonas aeruginosa
[24,25]
Replacement Joints S. aureus, S. epidermidis [26]
Cardiac Pacemakers S. aureus [24]
Dental Implants Gram-positive cocci (e.g., Streptococcus), Gram-negative anaerobicoral bacteria [24,26]
2. Prevention of Biofilm Formation Using Protruding Nanostructured Surfaces
Microbial adhesion is an essential step for bacterial colonisation and the formation of a biofilm.
Experimental and theoretical studies have shown that prevention and inhibition of biofilm formation
is possible by tuning the properties of the substrata, which will influence bacterial adhesion.
Such properties include biological properties (conditioning layer), physicochemical properties
(surface charge, pH, functional groups, hydrophobicity) [27] and surface topography (roughness,
nano/microtopography or hierarchical topography). In recent years, there have been tremendous
efforts made to understand and develop antimicrobial surfaces based on protruding nanostructures.
The idea of using protruding nanostructures to prevent bacterial infections and biofilm formation
was inspired by nature. Protruding nanostructured surfaces were first exploited as antifouling surfaces
due to their reported hydrophobic and superhydrophobic properties, as seen on lotus leaves, rose
petals and shark skin [28]. Shark skin has been studied extensively and shows excellent antifouling
properties against ectoparasites and Ulva spores. A commercially available biomimetic shark skin
product called Sharklet AFTM has been shown to be effective in limiting bacterial contamination.
Mann et al. reported a significant reduction in S. aureus (MSSA and MRSA variants) bound to the
Sharklet AFTM surface compared to flat control and pure copper alloy surfaces [29]. Another study
also found that the Sharklet AFTM surface can inhibit S. aureus biofilm formation, with only 35% of the
microtopography surface covered by a biofilm after 21 days as opposed to 77% coverage on the flat
surface [29]. Currently, this technology has been used on a foley urinary catheter, endotracheal tube,
wound dressing and central venous catheters [30].
Despite promising results for the use of nanostructured surfaces as antifouling materials, there are
some concerns with regards to applying this approach to implant surfaces. For instance, use of
an antifouling surface on a medical implant may enhance bacterial colonisation of the surrounding
tissues. Indeed, this has been reported with OptiChem®surface, where the surrounding tissues were
colonised by S. aureus but not the hydrophobic polymer-coated surface [31]. Antifouling surfaces
are also expected to inhibit the attachment [32] and migration of mammalian cells [33], which could
compromise the fixation of implanted devices.
With growing concerns over the emergence of antimicrobial resistant bacteria, significant
attention has been given to finding alternative solutions to kill bacteria without reliance on antibiotics.
Ivanova et al. was first to report the bactericidal properties of protruding nanostructured surfaces
found on the cicada wing against P. aeruginosa [34]. As opposed to natural antifouling surfaces that
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are usually found on marine or aquatic organisms [35–37], natural bactericidal surfaces are mostly
found on insect wings [34,38–41]. Several species of cicada [34,39] and dragonfly [38,40] have been
shown to possess wings with bactericidal activity (Figure 1). Butterfly and moth eyes [41], as well as
gecko skin [42], which all have distinct nanostructured surfaces, have also been reported to possess
bactericidal properties. Several studies have shown similar or enhanced bactericidal effects mediated by
biomimetic nanotopographies on synthetic materials [43–48]. A list of natural and synthetic bactericidal
nanostructured surfaces can be found in recent reviews [49,50].
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3. Understanding Bacteria–Nanostructure Interactions
3.1. Stretching and Mechano-Inducing Models
Several theoretical models have been proposed to explain the bactericidal mechanisms of
protruding nanostructured surfaces. The first model compared the relatively uniform patterns
and nanotopographies found across cicada wing-like surfaces with the more randomly oriented
nanowires found on the surface of dragonfly wings. In general, Pogodin et al. proposed that bacterial
cell lysis was due to the rupturing of the cell wall that was suspended between two adjacent nanopillars
as opposed to a puncturing mechanism. The stretching of the cell wall in this region was significantly
higher compared to a region that was directly adsorbed to the nanopillars, which led to rupturing of the
membrane. This theory was consistent with a previous study which showed killing of P. aeruginosa by
gold-coated cicada wing surfaces, implying that the bactericidal properties of the surfaces were not due
to chemical or biochemical reactions. This theory also demonstrated that the bactericidal properties of
the protruding nanostructured surfaces were dependent on the mechanical properties of the bacterial
cell wall, which explained previous observations that killing by nanostructured surfaces was more
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effective against the mechanically weaker cell wall of Gram-negative bacteria than the structurally
more stable Gram-positive cell wall [51].
Two other mechano-bactericidal models based on the work by Pogodin et al. were then proposed
to predict the efficacy of bactericidal properties as a function of nanotopography (i.e., tip diameter,
nanopillar density, height) (Figure 2A). Both models proposed by Xue et al. and Li et al. further
expanded the original model by including other parameters (e.g., gravity, Brownian motion, cell wall
properties, free energy change of the cell wall) and using different approaches to predict the outcome.
Xue et al. predicted that the mechano-bactericidal properties of cicada wing-like surfaces could be
enhanced by increasing the sharpness and spacing of the nanopillars, which maximised the stretching
of the envelope [52] (Figure 2B). Through quantitative thermodynamic studies, Li et al. proposed a
phase diagram that highlighted ranges of different dimensions of nanopillar diameter and spacing and
the resulting stretching of the bacterial envelope [53]. This study proposed the importance of adhesion
energy and deformation energy to the bactericidal activity of nanostructured surfaces, indicating that
stretching of the bacterial cell wall was significantly enhanced by nanopillars of 40 nm in diameter and
a spacing of 100 nm (Figure 2C).
Several other papers have proposed models that use a different approach to Pogodin et al.
For instance, Wu et al. compared experimentally and theoretically the effects of nanostructure density
and height heterogeneity on the stretching degree of the bacterial cell envelope [54]. Four different
scenarios were proposed, which showed that the stretching degree increases as the density increases
(Figure 2D). Watson et al. proposed a much simpler model to explain the bactericidal mechanism of
cicada wing-like surfaces based on changes in surface energy and considered several constraints for
the optimal geometry of the nanopillars (e.g., radius, spacing and length) [55]. Changes in tensile
strength were modelled as a function of cell wall thickness and it was found that tensile stress of the
cell wall increases as the tip of the nanopillars increases (Figure 2E). Velic et al. used a two-dimensional
finite element model to explain the interaction of Bacillus subtilis with a nanostructured surface [56].
Their model suggested that two key parameters for the bactericidal mechanism were nanopillar
geometry and the interaction forces. It was found that stress on the cell wall reduces as the diameter
increases and that stress increases when the interaction force increases. Their model also suggested
that height variation between 200 to 500 nm has no significant effect on cell wall stress (Figure 2F). In a
slightly different study, but still related to the biophysical model of bacteria-substratum interaction,
a simulation study using the Extrand model revealed that bacterial adhesion to the surface may be
reduced by tuning the protruding nanostructured surfaces [57].
Whilst undoubtedly useful, there are several limitations to the proposed models due to the
complexity of bacterial-substrata interactions. Most importantly, all models assume that the bacterial cell
wall is an elastic rather than a viscoelastic material for which deformation is not dependent on the applied
force and time [58]. These models also disregard the importance of physicochemical properties of the
bacterial cell wall, which has been highlighted in the extended Derjaguin-Landau-Verwey-Overbeek
(DLVO-X) model used to predict bacterial adhesion to solid surfaces [59]. The specific interaction
forces required to rupture the cell wall are currently unknown.
3.2. Other Possible Bactericidal Mechanisms
Alternative antimicrobial or bactericidal mechanisms of nanostructured surfaces have been
proposed based on experimental observations. Bandara et al. suggested that shear forces might be
involved in the bactericidal mechanism of high aspect ratio nanostructures (HARN) [40]. Since the
height of HARN on dragonfly wings is not uniform, bacteria were found to first adhere to the tall
nanospikes, which immobilised the cells. Shear force was then proposed to be generated by the lateral
movement of the adherent bacteria that tried to evade the unfavourable surface. A 3D reconstruction
of the focused ion beam SEM (FIB-SEM) data and transmission electron microscope (TEM) tomogram
revealed that some of the nanospikes bent, causing the bacterial membrane to wrinkle and undergo
blebbing (Figure 3A).
Coatings 2020, 10, 756 6 of 19
Coatings 2020, 10, x FOR PEER REVIEW 6 of 20 
 
 
Figure 2. Current proposed theoretical models for the bactericidal mechanisms of nanotopographies 
analogous to those found on the cicada wing: (A) The first stretching model proposed by Pogodin et 
al. described rupturing of the cell membrane that was suspended between two adjacent nanopillars 
[reproduced with permission from Ref. [51]; (B) Xue et al. incorporated other geometric 
measurements of the nanopillars and parameters such as gravity and Van der Waals forces into the 
model. They found that stretching of the cell membrane increased as the radius of the nanopillars 
became smaller (i.e., sharper) [reproduced with permission from Ref. [52]; (C) Li et al. used a 
thermodynamic approach to calculate the free energy change of the stretched cell membrane when 
Figure 2. Current proposed theoretical models for the bactericidal mechanisms of nanotopographies
analogous to those found on the cicada wing: (A) The first stretching model proposed by Pogodin et al.
described rupturing of the cell membrane that was suspended between two adjacent nanopillars
[reproduced with permission from Ref. [51]; (B) Xue et al. incorporated other geometric measurements
of the nanopillars and parameters such as gravity and Van der Waals forces into the model. They found
that stretching of the cell membrane increased as the radius of the nanopillars became smaller
(i.e., sharper) [reproduced with permission from Ref. [52]; (C) Li et al. used a thermodynamic approach
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to calculate the free energy change of the stretched cell membrane when adhered to a bed of nanopillars.
A phase diagram based on this model was proposed, which showed that membrane stretching
increased as the nanopillar density and sharpness increased [reproduced with permission from Ref. [60];
(D) Wu et al. incorporated the non-uniformity observed in some of the nanopillared surfaces into
the model and proposed 4 different cases that might result in a different level of stretching. In all
the cases, stretching degree increased as the density increased [reproduced with permission from
Ref. [54]; (E) Watson et al. proposed a model that considered the binding behaviour of the cell to the
nanopillars. Their model showed that the maximum tensile stress of the cell wall increased as the tip of
the nanopillars increased [reproduced with permission from Ref. [55]; (F) Velic et al. developed a model
to predict the deformation and stress contour of the cell wall when interacting with the nanopillars;
Their model suggested that differences in height did not cause a differential in stress. Density showed
small effects, while diameter of the pillars and interaction forces between the bacteria and the surface
showed significant differences [reproduced with permission from Ref. [56].Coatings 2020, 10, x FOR PEER REVIEW 8 of 20 
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mechanisms based on cicada wing-like surfaces are shown in A (a–d). Since the height of nanopillars on
the cicada wing is relatively uniform, there are multiple contact points between the bacterial membrane
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and the surface upon adhesion. Due to interaction forces, the membrane stretches and eventually
ruptures; A (e–h) show bactericidal mechanisms proposed for dragonfly wing-like surfaces,
which consist of non-uniform high aspect ratio nanopillars, meaning that initial contact points are
expected to be fewer than for the cicada wing. Interactions with bacteria cause the nanopillars to bend
instead of puncturing or rupturing the bacterial membrane. Due to adhesion force, the cell membrane
starts to wrinkle and form blebs, which eventually causes the cytosol to leak out [reproduced with
permission from Ref. [40]]; (B) Proposed possible interrelated antibacterial mechanisms of nanopillared
TiO2 surfaces. (1) Some bacteria may experience cell membrane deformation when adhering between
nanopillars, leading to cell impedance and impaired cell replication. (2) If the deformation reaches the
elastic limit of the cell envelope, the nanopillars can penetrate the cell envelope. (3) The physiological
interactions between bacteria and nanopillars can result in an oxidative stress response and induce
the production of reactive oxygen species (ROS), leading to reduced bacterial growth and increased
membrane susceptibility [reproduced with permission from Ref. [47]].
Jenkins et al. proposed that the antibacterial effects of protruding nanostructured surfaces are
multifactorial [47]. TEM and FIB-SEM studies confirmed that nanospikes fabricated using a thermal
oxidation method could induce cell deformation and penetration of the bacterial cell wall but it was
found that these mechanical actions might not necessarily result in cell lysis. They also demonstrated
entrapment of bacteria on HARN and subsequent impairment of cell proliferation. Another notable
finding was that bacteria generated significant levels of reactive oxygen species (ROS) when on the
nanostructured surfaces compared to the flat surface. This was further supported by comparing the
proteomic response of E. coli and S. aureus exposed to a flat TiO2 vs. nanostructured surface and
the identification of elevated expression of several proteins associated with oxidative stress in the
presence of nanospikes. Previous studies have reported that high concentrations of ROS could impair
bacterial growth and biofilm formation [61,62], suggesting another potential mechanism by which the
nanospikes mediate antibacterial effects.
4. Osteogenic Nanostructured Surfaces
Osteointegration, introduced by Branemark, refers to a direct and stable contact between implant
and ordered bones [63]. It is of vital importance for achieving primary stability and long-term clinical
success of medical implants. Osteointegration involves a series of molecular and cellular events that
are strongly influenced by many factors, including implant characteristics (Table 2). For example,
metal ions released from implant surfaces diffuse into surrounding tissue [64] and may affect protein
expression of nearby cells [65]. Implant surface topography, including micro and nanotopography,
had a strong influence on the healing events of osteointegration [66] (Table 2).
After implantation, early-stage tissue responses to the surgical trauma involve inflammation,
cell adhesion and apoptosis. Titanium implants with 75 nm semispherical protrusions were reported
to reduce initial inflammatory reactions via attenuated monocyte chemoattractant protein-1 (MCP-1)
and tumour necrosis factor-α (TNF-α) expression in vivo [67]. Also, higher osteogenic activity
(indicated by osteocalcin upregulation) and lower osteoclastic activity (indicated by reduced CatK
expression) were detected for a group receiving implants with a nanostructured surface within a
week of implantation [68]. Greater levels of osteoid and woven bone were found to form on the
nanostructured surfaces compared with a flat surface. Alongside effects on inflammation, several
studies have shown that nanotopographic features are able to modulate cell attachment. A study
on pillar-like nanostructures indicated that cell focal adhesions and cell spreading decreased as
nanostructures increased from 15 to 55 to 100 nm in height on Ti surfaces [69]. This result is consistent
with studies using polymer surfaces with nanopillars or nanoislands, which have shown that the
number of adherent cells and their dimensions reduce with rising height of the nanostructures [70,71].
After the immediate tissue response, effective bone mineralization between the bone/implant
interface is required to achieve osteointegration. Dalby et al. [72] revealed that Human Bone Marrow
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Cells (HBMCs) cultured on polymethyl methacrylate (PMMA) nanoscale islands and hemispheres
increased expression of osteoblast markers osteocalcin (OC) and osteopontin (OPN) [73]. Their work
indicated that nanoscale topographies, including nanoscale pit and heterogeneous islands, promoted
pathways associated with skeletal development while suppressing those linked with connective tissue
development. The targeted canonical pathways comprise actin, integrins, p38 mitogen-activated
protein kinase (MAPK) and extracellular signal-regulated kinase (ERK). These results fit well with the
observations by Yu et al. on nanoneedles formed on titanium substrate [74]. In another study, it was
observed that 15 nm nanopillars enhanced phosphor-Runx2 (pS465) abundance, osteocalcin deposition
and osteopentin by MSC cultures but these effects were significantly lower on a 90 nm substrate,
indicating that adherent cells responded differently according to nanotopography [69,75]. Moreover,
15 nm highly disordered nanopillars on Ti substrate inhibited osteoclastogenesis, as indicated by
upregulated osteoprotegerin (OPG) expression and reduced receptor activator of nuclear factor kappa-B
ligand (RANKL) expression but promoted osteogenesis [76]. This favourable osteogenic characteristic
reduced bone resorption during the bone remodelling process, making the protruding nanostructured
surfaces ideal for developing orthopaedic implants. This is in contrast to the commercial titanium
implant, for which it was found that RANKL is upregulated, which can be immunogenic and act as a
secondary inflammatory stimulus in peri implantitis to amplify bone resorption [77].
Table 2. Summary of biological processes and molecules affected by nanotopography.
Influenced Process Nanostructure Related Genes/Pathways References
Inflammation Semispherical Protrusion MCP-1TNF-α [67,68]
Cell attachment NanopillarsNanoislands – [69–71]
Osteogenesis
Nanoislands Osteocalcin (OC), Osteopontin (OPN)
[69,72,73,75]
Nanopillars Actin, Integrin, p38 MAPK and ERK Pathways
Osteoclastogenesis Nanopillars Osteoprotegerin (OPG), RANKL [76]
5. Fabricating Bactericidal and Osteogenic Nanostructures on Titanium Surfaces
The translation from laboratory research findings to commercialised products is often difficult and
many attempts end in failure [78]. This challenge is even greater for clinical applications, which have
two “valleys of death”—upscaling of the products and clinical trials. For example, hundreds of
promising antimicrobial technologies reported in the literature have failed in clinical testing and most
have not even reached in vivo testing [79]. For many new technologies, ensuring fabrication protocols
are efficient and, most importantly, cost effective [80] can be a major hurdle. Most nanofabrication
protocols are very specific, expensive, have a low yield and often are not environmentally friendly.
In this section, four promising nanofabrication techniques are reviewed that have potential to facilitate
the translation of protruding nanostructured surfaces on titanium medical implants from lab bench
to industry.
5.1. Hydrothermal Process
Hydrothermal process is one of the preferred techniques to fabricate nanostructures on titanium
surfaces due to its simplicity, reliability and high throughput. It is also an environmentally friendly
nanofabrication technique, which operates at a relatively low temperature, uses low concentrations of
acids or bases and can use water as the reaction medium [81]. Hydrothermal offers a high degree of
versatility in the final design of the nanotopography, which can be controlled by manipulating the
experimental parameters such as operating temperature, reaction time, concentration of the rection
media (e.g., acids or bases) or pre and post treatment of the substrate. It has also been used to
generate nanostructures on different materials like zinc [82,83], barium [84–86], strontium [86–88] and
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titanium [89–93]. Most importantly, hydrothermal process can be used to generate nanostructures
on both 2D flat and different forms of 3D surfaces (e.g., mesh, wires, beads), which is desirable for
the application of orthopaedic implants [94,95]. Some of the nanostructures generated to mimic the
nanotopography found on dragonfly wings with a tapered end are shown in Figure 4A.Coatings 2020, 10, x FOR PEER REVIEW 13 of 20 
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The most common combination to generate protruding nanostructured surfaces on Ti and its alloy
includes the use of an alkaline solution such as sodium or potassium hydroxide within an enclosed
system at elevate temperatures; the s -called alkaline hydrothermal (AH) rocess. During this process,
alkaline titanate nanostructures are generated first, followed by the substitution of alkali ions within
the titanate with hydrogen ions to form hydrogen titanate through a post treatment with hydrochloric
acid (HCl) and a final calcination step at 600 ◦C for the conversion to TiO2 [89]. However, some studies
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have shown that post heat treatments are not a prerequisite to acquire functional nanostructured
surfaces [96].
There have been many studies that show the potential application of surfaces generated via the
AH process. Two distinct nanostructures called the “brush” and “niche” type (height: >2 µm, diameter:
50 nm) have been shown to exhibit bactericidal activity against motile bacteria such as P. aeruginosa,
E. coli and B. subtilis, while less significant effects were seen with non-motile S. aureus, K. pneumoniae
and Enterococcus faecalis [43]. Shorter and sharper TiO2 nanospikes (height: 1000 nm, diameter:
24 nm) fabricated via the AH process were found to kill up to 50% of the adherent bacteria after
1 h of incubation [92]. Tsimbouri et al. also reported promising osteogenesis and osteoclastogenesis
properties of the surface. Shorter and slightly bigger nanospikes (height: 500 nm, diameter: 50 nm)
were able to effectively inhibit the growth of S. aureus when incubated for 18 h. Human osteoblast
cells also exhibited higher metabolic activity on this type of nanostructure compared to flat Ti alloy.
An in vivo study of nanocoated Ti implant surfaces showed enhanced bone integration, implying that
the nanostructures may encourage osteoinduction [96].
5.2. Thermal Oxidation
Thermal oxidation (TO) is a simple and low-cost nanofabrication technique to generate
nanostructured surfaces on titanium metal and its alloys in which growth of the nanostructures
is dependent on the controlled oxidation of the substrate at high temperatures ranging from 400
to 900 ◦C within a carbon-containing atmosphere. At standard ambient temperature and pressure,
titanium will spontaneously react with oxygen to form a stable oxide layer that generates a corrosion
resistant barrier [97]. In general, TO of titanium or its alloys takes place in a tube furnace purged
with carbon-containing vapour such as acetone and Ar, which is maintained at high temperatures
for some time. As-synthesized nanostructured surfaces display superhydrophobic wetting, owing
to a carbon shell that forms around the TiO2 core [98]. Superhydrophobicity could be expected to
prevent the attachment of mammalian cells, thereby reducing osseointegration [23]. To prevent against
this, post-annealing can be applied to remove carbon, leaving only TiO2 nanostructures that enhance
osseointegration [80,82]. Much like the AH and other fabrication techniques discussed in this review,
TO offers excellent versatility in terms of the design of the nanostructures. The parameters that control
the nanostructures include the type of substrate (i.e., pure Ti or Ti alloy), Ar/acetone flow rate, holding
temperature and time and post-treatment. Similar to the AH process, nanostructures fabricated using
TO mimic the dragonfly wing surface (Figure 4B).
TO titanium (TOT) surfaces have been reported to show promising antibacterial properties [47,93].
By using a metabolic assay, PrestoBlueTM, Sjöström et al. reported a 40% reduction in E. coli viability
on TOT surfaces after 2 h of static incubation. The nanospikes had a diameter of 20 nm and a height
of 1–2 µm [93]. More recently, Jenkins et al. found that TOT surfaces produced at 850 ◦C for 5 min
mediated antibacterial effects against both Gram-negative (E. coli, K. pneumoniae) and Gram-positive
(S. aureus) bacteria when tested over 10 h of static incubation using a BacTiter-GloTM viability assay [47].
Enhanced osteogenic properties have also been reported for TOT surfaces. Wang et al. reported
enhanced proliferation of bone marrow mesenchymal stem cells (hMSCs) on TOT surfaces compared
to the control surface. Full confluence was observed on each surface after 7 days but significantly
higher expression of osteogenic-related genes (e.g., alkaline phosphate, osteocalcin, osteopontin, bone
sialoprotein) after 14 days and better matrix mineralisation after 21 days was seen on the surface with
long nanostructures. Tan et al. also reported enhanced expression of osteogenic-related genes on TOT
surfaces [99]. Using a rat calvarial model, computer tomography analysis revealed that there was
an increased bone volume on the interface between a TOT surface and calvarial bone after 8 weeks
relative to control [99].
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5.3. Glancing Angle Deposition
Glancing angle deposition (GLAD) is a physical vapor deposition technique that is capable of
fabricating nanostructured surfaces on planar and non-planar surfaces. This tuneable nanofabrication
technique utilises oblique angle deposition and substrate rotation to engineer nanostructured
surfaces [100]. In comparison to the other fabrication techniques mentioned, GLAD allows a high
degree of precision control to uniquely designed micro and nanostructures, which is sometimes called
“sculptured thin films” (Figure 4C). It is possible to generate a biomimetic surface that resembles the
cicada wing surface with uniform height and distribution.
The incoming vapor flux is key to generating the desirable ballistic shadowing that is the
underlying principle for this technique. For example, if the angular spread of the vapor flux is large,
shadows generated on the substrate will be scattered and poorly defined. In general, to achieve
collimated vapor flux, the distance between vapour source and the substrate must be large. As for other
highly controllable nanofabrication techniques, GLAD requires great precision involving multiple
parameters. For instance, the growth of nanostructures depends on the shadows between columns,
vacuum environment, deposition temperature, rate and pressure, as well as substrate type and
preparation [101].
Several microbiology and stem cell studies using nanospikes fabricated using GLAD on titanium
substrates have been published recently [102–105]. Zeigler et al. reported promising bactericidal
effects of the nanospikes against E. coli and a significant improvement in promoting the osteogenic
response of hMSCs compared to plasma roughened TiO2 surfaces [105]. Motemani et al. reported
different levels of hMSC growth on slanted, chevron and vertical structures on TiO2 substrate [102].
This confirms the biocompatibility of nanostructures generated using GLAD. Similarly, Sengstock et al.
reported bactericidal activity against E. coli and successful attachment of hMSCs and leukocytes on
the vertical structures of TiO2 generated using GLAD [103]. The “race for the surface” experiment
by Alvarez et al. using nanostructured surfaces showed that the nanocoated Ti implant supported
the proliferation and spreading of MC3T3-E1 cells, despite the presence of S. aureus at a seeded ratio
of 1:100. Furthermore, levels of proliferation and spreading of the MC3T3-E1 cells were significantly
higher on the nanostructured surfaces compared to the uncoated TiO2 surface, with or without the
presence of S. aureus [104].
5.4. Reactive Ion Etching
Reactive ion etching (RIE) is commonly used to generate nanostructured surfaces on polymer
and silicon surfaces. It is often combined with mask or colloidal lithography to control the size
and shape of the nanostructures. Recently, a novel nanomaterial surface called black titanium was
fabricated on a pure Ti substrate through a process called inductive coupled plasma reactive ion
etching (ICP-RIE) [48,106]. ICP-RIE is a form of the RIE system that uses very high density plasma,
generated with a radio frequency powered magnetic field as the etching source and chlorine as an
etchant. The etching profile from an ICP source generated anisotropic nanoarrays but when combined
with RIE, the enhanced control near the surface enabled the generation of both isotropic and anisotropic
features [107]. The nanotopography of an etched Ti substrate mimics the dragonfly wing and longer
etching times can result in a surface similar to the “niche” type surface generated using the AH method
(Figure 4D).
Recently, a systematic study investigated the effects of etching conditions on the corresponding
length of nanopillars, wettability of the surfaces and mechanical properties of the nanostructures [106].
It was reported that an increase in etching time, temperature, ICP power, RF power and Cl2 pressure
results in an increase in nanopillar length, while the Ti surfaces become more hydrophilic as the etching
time, ICP power and RF power are increased. Both elastic modulus and hardness of the nanostructures
increase as the chamber pressure increases, with a maximum elastic modulus and hardness of 30 and
2300 MPa, respectively, reported [106].
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In another study, Hasan et al. compared the bactericidal activity and cytocompatibility of 3 different
black titanium surfaces bearing approximately 1 µm protruded nanostructures [48]. Each black Ti
surface had a different roughness due to different etching times. They reported significant bactericidal
activity (over 90% death of the adherent cells) over a 4 h incubation period using several species of
Gram-negative bacteria, while over 75% killing was reported for S. aureus after 24 h. They also tested
the attachment and proliferation of hMSCs and osteogenic commitment of the stem cells on the black
Ti surfaces and reported promising results, with ALP expression significantly higher in the hMSCs on
the black Ti surface compared to the flat Ti surface.
6. Discussion
6.1. Scalability and Applicability of Nanofabrication Techniques for Medical Implants
All four nanofabrication techniques discussed here are capable of modifying the surface of a
titanium implant with a high degree of design tunability. For translational purposes, other factors such
as scalability and applicability must also be considered. Given the current trend in the development
of 3D printing (3DP) technology, more orthopaedic and dental implant designs are incorporating
3D porous or lattice structures due to their advantages of better mechanical match to bone and
improved osteointegration. It is therefore desirable to have a fabrication technique that could generate
nanotopographies directly onto 3D porous implants. In this aspect, the AH and TO processes have the
advantage of generating protruding nanostructured surfaces on any 3D surface, including inside the
pores in 3DP implants. GLAD or RIE produce nanostructures by deposition or etching on either 2D
planar or 3D non-planar surfaces but both require vacuum conditions and it is difficult to generate
nanostructures inside pores. With regards to scalability, AH and TO processes are more amenable
to batch processing, for which the substrates can be treated in a large autoclave container or tube
furnace, respectively.
6.2. Eukaryotic Versus Prokaryotic Race for the Surface
The “race for the surface” concept between prokaryotes and eukaryotes describes the importance of
host cell integration with the implant surface to protect against colonisation by microorganisms [79,108].
If the host tissue “wins” the race, osteointegration will be successful. However, if the microorganism
colonises the implant surface before the host cells, a biofilm will develop, leading to severe infection
and failure of the implant. Bacteria have also been shown to inhibit the spread and proliferation of
osteoblastic cells, which indicates that it is not only a ‘race’ but rather a “fight for the surface” [6,109].
Briefly, there are two general approaches that can be used to help host cells win the race: (1) tuning
the implant surfaces to selectively promote the attachment of mammalian cells or (2) inhibiting the
adhesion of prokaryotes by killing them or deterring them from reaching the surface first. As discussed
earlier, protruding nanostructured surfaces have the potential to exploit both approaches. Numerous
studies have shown that it is possible for nanostructured surfaces to promote osteointegration whilst
inhibiting bacterial growth.
6.3. Advantages and Disadvantages of Mechano-Biocidal Surfaces
The main advantage of mechano-biocidal surfaces is that they are unlikely to induce antimicrobial
resistance (AMR). This is in contrast to existing biocide leaching surfaces, whose antimicrobial
properties are dependent on antimicrobial release. For biocide leaching surfaces, antimicrobial release
is dose-dependent, transient and subject to depletion over time, which could facilitate the development
of AMR due to a sub-optimal release profile. In contrast, mechano-biocidal surfaces based on protruding
nanostructures kill bacteria or inhibit biofilm formation upon contact and do not require specific
biochemical targets. In addition, nanostructured surfaces offer the potential to be combined with
bioactive dopants or other biomolecules such as antimicrobial peptides (AMPs) or ECM-mimicking
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peptides to mediate synergistic effects that enhance their overall biological functionalities [110–112].
This could lead to the development of cell-instructive smart implants [6].
Despite their advantages, there are concerns over the robustness of nanostructures on the substrate,
which raises the question as to whether or not the nanostructures could withstand invasive surgical
procedures. There are also concerns regarding cytotoxicity. No studies to date have reported on the
cytotoxicity of nanostructures when bound to the substrate but nanostructures in free form have been
reported to exhibit some level of cytotoxicity towards mammalian cells [113]. It is also unclear whether
or not nanostructured surfaces can remain effective, particularly with regards to their antimicrobial
effects, following implantation and the inevitable adsorption of proteins from body fluids.
7. Conclusions and Outlook
With increasing demands for titanium-based medical implants, infections are inevitable and pose
serious problems for the future. Furthermore, the growing threat of AMR means that we must use
antibiotics more cautiously to treat prosthetic joint infections. It is critical, therefore, that we find
novel methods to reduce bacterial infection of orthopaedic implants. Protruding nanostructured
surfaces have gained interest as one potential solution due to their reported antibacterial and osteogenic
properties. Our current understanding of nanotopographies suggests that their antibacterial properties
are multifactorial. The mechano-bactericidal effects depend on the stretching of the bacterial cell
membrane, which in turn depends on the nanotopographies and the mechanical properties of the
bacterial cell wall. There is also recent evidence to indicate that protruding nanostructured surfaces are
able to mediate bacterial cell impedance, fatal shear forces and induce an oxidative stress response
in bacteria. However, better understanding of these mechanisms is still required to enable us to
fully exploit the potential for protruding nanostructured surfaces to be used to design anti-infective
orthopaedic implants. It will also allow surface design to be tailored for different medical implant
applications. Finally, the design of different nanotopographies will require versatile nanofabrication
techniques that have a high yield and are efficient and cost effective. This will ensure successful
translation of the technology from research lab to clinical implementation in the real world.
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